A Ithough the effect of respiratory support with PEEP â€¢¿ '*â€¢ on cardiac output has been studied extensively in the past 20 years,1"5 this subject remains an area of considerable debate. In a previous study,6 we reported that PEEP reduced left ventricular (LV) preload and in contrast to experimental studies7 did not alter LV contractility. Additionally, when high levels of PEEP were used, severe right ventricular (RV) pressure overload was evidenced by systolic septal flattening. This finding suggested that RV impairment in systolic function caused by PEEP might contribute to the reduction of cardiac output during this mode of respiratory support.
A Ithough the effect of respiratory support with PEEP â€¢¿ '*â€¢ on cardiac output has been studied extensively in the past 20 years,1"5 this subject remains an area of considerable debate. In a previous study,6 we reported that PEEP reduced left ventricular (LV) preload and in contrast to experimental studies7 did not alter LV contractility. Additionally, when high levels of PEEP were used, severe right ventricular (RV) pressure overload was evidenced by systolic septal flattening. This finding suggested that RV impairment in systolic function caused by PEEP might contribute to the reduction of cardiac output during this mode of respiratory support.
The aim of the present study was to assess the effects of PEEP on RV diastolic and systolic functions and to examine their relations with cardiac output changes, in a group of patients requiring mechanical ventilation with PEEP during an episode of acute respiratory failure. For this purpose, we combined two-dimensional (2-D) echocardiography and right heart catheterization using the now-available fastresponse thermodilution technique. By two different approaches, both methods allow measurement of RV dimensions and monitoring their changes during the application of progressive levels of PEEP.
MATERIALAND METHODS
We studied ten patients with acute respiratory failure who required continuous mechanical ventilation (controlled) with PEEP. This group consisted of six men and four women ranging in age from 20 to 75 years (mean 52 years), and previously free of cardiorespiratory disease. Respiratory failure followed bacterial or viral pneumonia in five patients, chest contusion in two patients, severe sepsis in two patients, and gastric content inhalation in one patient. At the time of the study all patients had both left and right echocardiographic ventricular size and function in a normal range, excluding previous chronic or acute cardiac dysfunction. Seven patients recovered after a mean duration of mechanical ventilation of 16 days (range 9 to 30 days). Three patients died after a mean duration of mechanical ventilation of 21 days (range, 15 to 28 days). 
Hemodynamic Measurements
Pulmonary artery and RV pressures were obtained from a 7.5 F quadruple lumen Swan-Can/, catheter (American Edwards Lalxiratories, Santa Ana, CA), equipped with a fast-response thermistor and atrial and ventricular electrodes. This catheter was previously inserted percutaneously into the pulmonary artery for hemody namic monitoring and mixed venous blood gas analysis. Placement of a specially designed introducer (Arrow) during insertion made it possible to move the catheter during hemodynamic measurements as often as necessary. The proximal port could thus be used alternately to inject thermal indicator into the right atrium close to the tricuspid valve, or measure RV pressure by advancing the catheter 2 or 3 cm forward. All pressures were measured with Hewlett-Packard transducers, averaged during the whole respiratory cycle and expressed as transmural pressure (if, minus esophageal pressure). Esophageal pressure was measured with an esophageal balloon advanced through the nose into the esophagus and down to 35-40 cm from the nares. Cardiac output and RV ejection fraction (EF) were measured by the fast-response thermodilution technique
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, with an average of five serial deter minations taken at regularly spaced intervals through the ventilator) cycle. All patients were in sinus rhythm during the study; heart rate was monitored by way of the thermodilution catheter and measurements were rejected if a premature beat occurred during the integration time. In one patient, marked RV dilatation at PEEP levels higher than 5 cm H.O was responsible for an insufficient threshold detection of intracavitary ECG. Stroke index was calcu lated from cardiac output, heart rate, and body surface area. RV end-diastolic (ED) and end-systolic (ES) volume (V) indices were calculated from stroke index and RVEF.
Blood Gas Analysis
Analysis of arterial and mixed venous blood gas were determined by standard electrode techniques.
Hemoglobin and hemoglobin oxygen arterial and mixed venous saturations were measured by a CO-oximeter. From these measurements, we calculated GVQt and systemic oxygen transport using appropriate formulas.
Echoatnllogruphtc
Echocardiographic recordings were performed using a wideangle mechanical sector scanner (ADR 4000, Squihh Medical). Because apical or parasternal view cannot be obtained easily during the whole respiratory cycle in ventilated patients, we used for the present study a sulx-ostal approach. A long axis four-chamber viewwas obtained, with the patient in the supine position. Special attention was paid to obtain the RV cavity in its maximum dimensions, visuali/ing simultaneously the tricuspid valve and the apical region. Satisfactory echocardiograms showing the RV cavity during the whole respirator)-cycle could thus be obtained in all patients. Echocardiographic images were recorded on videotape, with an ECC lead, and reviewed for single frame stop-motion analysis. Using a microcomputer (Elan AT, Leanord) interfaced with the video tape player, stop motion frames at end-diastole (selected at the peak of the R wave of the ECG) and end-systole (defined as the smallest ventricular dimension during the last half of the T wave) were displayed on the microcomputer screen, and the endocardia! outlines of the right ventricle digitized. RV end-diastolic (ED) and end-systolic (ES) areas (A) were automatically processed and averaged during the whole respirator)-cycle to exclude respi rator)-changes. RV fractional area contraction (FAC) was calculated as RVEDA-RVESA/RVEDA.
Statistical Analysis
Statistical anal) sis ol hemodynamic changes was performed using Statgraphics package. Data are expressed as mean Â± SEM. Changes
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Flct'KK 1. Individual changes in CT during PEEP challenge. *denotes best compliance. 
RESULTS
Individual changes in CT during PEEP challenge are shown in Figure 1 . In all but one patient, mechanical improvement was obtained at a given level of PEEP and followed by mechanical deterioration if additional increment of PEEP was used. In terms of mechanical improvement, the best level of PEEP was 7 Â± 2 cm H2O (range 0 to 15 cm H2O). Application of the best level of PEEP in each patient produced a significant improvement in average PaO2 (from 59 Â± 6 mm Hg to 104 Â±10 mm Hg) with a significant reduc tion in average Qs/Qt (from 38 Â±5 percent to 23 Â±3 percent). Systemic oxygen transport was slightly but not significantly increased (from 560 Â±15 to 588 Â±17 ml*min ' Vm2).
An illustrative example of two-dimensional echocardiographic recordings is given in Figure 2 . Hemodynamic and echocardiographic results are summarized in Table 1 . Serial increments of PEEP produced a progressive increase in esophageal pressure and a progressive decrease in cardiac index without any significant change in heart rate. Thus, stroke index steadily decreased with increasing levels of PEEP. This decrease in cardiac performance became signif icant when a PEEP level of 10 cm H2O was reached. RV systolic pressure did not change, whereas RV enddiastolic pressure significantly increased. Mean and diastolic pulmonary artery pressures significantly in creased. RVEDV and RVEDA remained unchanged along the PEEP challenge. Despite this lack of signif icant change in RV diastolic dimensions in the whole group, there were large individual variations as illus trated by Figure 3 . However, RVEDV and RVEDA were linearly correlated with CT values all along the PEEP challenge (Fig 4) . RVEF and RVFAC were both reduced with PEEP ( Table 1 ). The decrease in RVEF was significant only at the highest level of PEEP (20 cm H2O), whereas the reduction in RVFAC became significant as soon as a PEEP level of 10 cm H2O was applied. Percentage of decrease in cardiac index (y) significantly correlated with percentage of decrease (x) in both RVEF (y = 7 + 0.5 x, r = 0.54, p<0.001) and RVFAC (y= -0.5Â±0.6x, r = 0.78, p<0.001).
DISCUSSION
The mechanism through which respiratory support with PEEP may induce a fall in cardiac output has long caused controversy. There is now wide assent that 
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PEEP decreases cardiac output by reducing LV pre load.6 However, the mechanism through which LV preload is reduced is still disputed, particularly with respect to the relative contribution of a reduction in RV preload5 and an increase in RV afterload,9 both acting to reduce LV filling. It is likely that these two factors are integrated since PEEP increases both pleurul pressure and alveolar distending pressure.1"
To assess the relative contribution of RV preload and afterload, we simultaneously measured RV pressure and dimensions during application of increasing levels of PEER RV size was determined by two independent techniques. Two-dimensional echocardiography has been demonstrated to provide a reliable estimate of RV size."-12 Fast-response thermodilution has been found to be reliable in both experimental13 and clinical studies.14 Comparing this method with 2-D echocar diography in patients with adult respiratory distress syndrome (ARDS), we have reported reliable and reproducible bedside determinations of RV volumes.15
In the present study; the progressive reduction in cardiac output with increasing PEEP levels primarily resulted from gradual impairment in RV systolic function. On the other hand, for the whole group, the finding of increased RV diastolic pressure associated with unchanged RV diastolic dimension would be consistent with a reduction in RV compliance. How ever, further analysis of the data showed that there were large individual variations. RV diastolic dimen- EDA (cm2/m2) sions increased or decreased depending upon PEEP level. Of interest, a negative linear correlation was found between RV dimensions and CT. This finding thus suggests that the effects of PEEP on RV diastolic dimensions and lung mechanics are related. Indeed, in some patients a given level of PEEP improved lung mechanics and reduced RV size, while in other pa tients the same level of PEEP worsened lung mechan ics and caused RV enlargement. During PEEP challenge, RV systolic function was impaired as shown by a decrease in thermodilution RVEF and echocardiographic RVFAC. Such a reduc tion in RVFAC by PEEP has previously been docu mented by Mitaka et al16and ascribed solely to preload reduction. In our study, however, the finding of an unchanged RV size for the whole group suggests that RV systolic dysfunction mainly resulted from an in crease in RV impedance to ejection. Such an impair ment in RV systolic function could be detected by 2-D echocardiography as soon as PEEP level reached 10 cm H2O and by thermodilution at a higher PEEP level (20 cm H2O). Moreover, RVESA and RVESV were found significantly enlarged at 15 cm H2O and 20 cm H2O of PEEP respectively. Incidentally, 2-D echocardiography appeared to have a better sensitivity than fast-response thermodilution.
Our results are somewhat at variance with previ ously published data. In fact, recent reports devoted to the study of the effects of increasing levels of PEEP on RV function have led to apparently conflicting results. Dhainaut et al17 and Martin et al'N concluded that increasing levels of PEEP up to 20 cm H2O did not affect RV systolic function but progressively re duced RV preload. On the opposite, Shulman et al19 and Biondi et al20 evidenced a significant decrease in RV ejection fraction suggesting an increase in RV afterload or a decrease in RV contractility when a level of PEEP greater than 10 cm H2O was applied. Three other studies 16'2It22 reported a reduction in RV dimen sions evaluated by echocardiography during applica tion of PEEE In none of the above-mentioned studies were lung mechanics changes evaluated during appli cation of PEEP. Indeed, the effects of PEEP on the pulmonary microcirculation are expected to differ depending on whether PEEP improves lung mechan ics by recruiting atelectatic areas or deteriorates lung mechanics by overdistending some areas. Since RV size and CT were inversely related in the present study, the apparent discrepancy in the hemodynamic effects of PEEP observed in other studies could best be explained by taking into account the simultaneous changes in lung mechanics induced by this mode of respiratory support. This concept has already been developed by Suter et al.2 Impairment in RV function caused by PEEP be came significant only when the PEEP level used was higher than the best PEEP level (7 cm H2O, in the present study). Theoretically this impairment could result from depressed RV contractility, increased RV afterload, or both. PEEP has been considered as potentially unable to depress RV contractility by reducing coronary blood flow,23and this effect was not addressed in the present study. However, the finding of a progressive reduction in RV diastolic compliance could suggest some impairment in RV coronary perfusion during PEEP challenge, but no shift of ST-T segment was observed on the EGG during the study. We did not attempt to evaluate RV inotropism using measurement of RV maximal elastance24 because this method is questionable when pressure measurements are obtained from fluid-filled catheters. Even though a negative inotropic effect of PEEP on RV could not be excluded, indirect evidence suggested that PEEP essentially induced an increase in RV afterload. RV systolic dysfunction occurred simultaneously with a deterioration in lung mechanics, which indicated overinflation by PEEP Lung overinflation has been shown to increase resistance to flow in the pulmonary circu lation.25 In our study, resistance to flow in the pulmo nary circulation actually increased since pulmonary artery mean and diastolic pressures increased with PEEP while cardiac output decreased.
To a given extent, an acute increase in RV afterload does not necessarily reduce cardiac output. When RV is moderately afterloaded, the Frank-Starling mecha nism becomes operative and an increased level of preload can maintain stroke output. However, this spontaneous adaptation cannot take place in the pres ence of RV filling impairment.
Increased pleural pressure1 or direct compression of the right heart cavities by inflated lungs26 have been advocated to explain preload impairment caused by PEEP and reduced RV diastolic compliance could also act in the same way. In the present study, although RV endsystolic dimensions increased during PEEP challenge, no parallel increase in RV end-diastolic dimensions occurred.
Several conclusions can be drawn from our present study which further assessed the RV effects of respi ratory support with PEEP in ARF patients. First, side effects were primarily observed at PEEP levels which also deteriorated lung mechanics. When PEEP level is adjusted so as to improve CT as previously sug gested,2 PEEP appears safe and does not require hemodynamic monitoring. Second, the main hemo dynamic consequence of PEEP was to impair RV systolic function, apparently by increasing RV afterload, a finding consistent with our previous studies.6 '27 Third, lack of normal preload adaptation could be interpreted as resulting from the worsening of thoracic characteristics and also a reduction in RV compliance. Such a mismatch between RV preload and afterload resulted in a fall in cardiac output. This fall could theoretically be compensated for, to some extent, by increasing extrathoracic venous pressure.'â€¢2NFinally, in the present clinical setting, our study suggests that 2-D echocardiography might be more sensitive than the fast-response thermodilution technique to evalu ate changes in RV function.
